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Abstract 23 
The volatile content of komatiite is a key to constrain the thermal and chemical evolution 24 
of the deep Earth. We report the volatile contents with major and trace element compositions of 25 
~80 melt inclusions in chromian spinels (Cr-spinels) from beach sands on Gorgona Island, 26 
Colombia. Gorgona Island is a ~90 Ma volcanic island, where picrites and the youngest 27 
komatiites known on the Earth are present. Melt inclusions are classified into three types on the 28 
basis of their host Cr-spinel compositions: low Ti (P type), high Ti with high Cr# (K1 type) and 29 
high Ti with low Cr# (K2 type). Chemical variations of melt inclusions in the Cr-spinels cover 30 
all of the island’s lava types. P-type inclusions mainly occur in the picrites, K1-type in 31 
high-TiO2 komatiites (some enriched basalts: E-basalts) and K2-type in low-TiO2 komatiites. 32 
The H2O and CO2 contents of melt inclusions within Cr-spinels from the beach sand are highly 33 
variable (H2O: 0.03–0.9 wt%; CO2: 40–4000 ppm). Evaluation of volatile content is not 34 
entirely successful because of compositional alterations of the original melt by degassing, 35 
seawater/brine assimilation and post-entrapment modification of certain elements and volatiles. 36 
However, the occurrence of many melt inclusions with low H2O/K2O ratios indicates that 37 
H2O/K2O of Gorgona komatiite is not much different from that of modern mid-oceanic ridge 38 
basalt (MORB) or oceanic island basalt. Trend of CO2/Nb and Zr/Y ratios, accounted for by 39 
two-component mixing between the least degassed primary komatiite and low-CO2/Nb evolved 40 
basalt, allow us to estimate a primary CO2/Nb ratio of 4000 ± 2200 or a CO2 content of 0.16 ± 41 
0.09 wt%. The determined CO2/Nb ratio is unusually high, compared to that of MORB (530). 42 
Although the presence of CO2 in the Gorgona komatiite does not affect the magma generation 43 
temperature, CO2 degassing may have contributed to the eruption of high-density magmas. 44 
High CO2/Nb and the relatively anhydrous nature of Gorgona komatiite provide possible 45 
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resolution to one aspect of the hydrous komatiite debate. 46 
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1. Introduction 50 
The volatile content of magma affects the behaviour of magma both at the surface and in 51 
the Earth’s interior. Although a recent study of mid-ocean-ridge basalts (MORBs) has revealed 52 
the volatile content of the depleted upper mantle (H2O ~142 ± 85 ppm; CO2 ~72 ± 19 ppm; Saal 53 
et al., 2002), the volatile content of the deep mantle is still ambiguous. Komatiites are 54 
high-temperature magmas, which originated from the deep mantle and occur mostly in the 55 
Archean, but some in the Phanerozoic: northwestern Vietnam (Hanski et al., 2004) and 56 
Gorgona Island (Echeverría, 1980). Estimate of the volatile content of komatiitic lava is 57 
suitable not only for evaluating volatiles in the deep interior, but also for deciphering the 58 
degassing history of the mantle.  59 
Water in komatiites is an important issue, because it has a considerable effect on the 60 
temperature and pressure of magma generation (e.g. Litasov and Ohtani, 2002). Controversy 61 
still exists as to whether komatiites are nearly dry or hydrous (e.g. Arndt et al., 1998). The 62 
experimental and petrological observations indicate that komatiites from the 3.5 Ga Barberton 63 
Greenstone Belt (e.g. Grove and Parman, 2004) and the 3.3 Ga Commondale, South Africa 64 
(Barr et al., 2009) are hydrous (3-5 wt%) and formed in a subduction zone. Melt inclusion 65 
studies from the 2.7 Ga Belingwe komatiites, Zimbabwe (Berry et al., 2008; Shimizu et al., 66 
2001) showed that their primary water content is < 1 wt% which indicates anomalously hot 67 
mantle source. However, exact amount of water has poorly constrained and the abundance and 68 
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the effect of other volatiles such as CO2, F, Cl and S have not been thoroughly studied. In 69 
particular, CO2 in komatiitic magma may also play an important role in decreasing both the 70 
melting temperature and density of komatiitic magmas (Anderson, 1995; Dasgupta and 71 
Hirschmann, 2006). In addition, excess ejections of volcanic gasses (especially CO2 and S) to 72 
the surface may trigger global environmental changes of the ocean and atmosphere (Larson and 73 
Erba, 1999; Self et al., 2006). However, the CO2 contents of komatiite have not been measured, 74 
because most volcanic glasses and melt inclusions undergo CO2 degassing as CO2 is much less 75 
soluble in magma at low pressure than H2O and other volatiles (Dixon et al., 1995). Moreover, 76 
most Archean komatiites have undergone extensive alteration, which makes it much more 77 
difficult to evaluate their original volatile content.  78 
We studied the world’s youngest komatiite (~90 Ma), found on Gorgona Island, Colombia, 79 
in order to avoid possible alteration effects. Two previous studies have reported volatiles and 80 
water contents in komatiite flows on Gorgona Island. Kerr et al. (1996) reported vesicular zones 81 
up to 15 cm thick in the komatiite flow, indicating that existence of volatiles in komatiites, and 82 
Kamenetsky et al. (2003) measured volatile contents of melt inclusions within olivine from a 83 
cumulative komatiite, indicating primary H2O contents of 0.4–0.8 wt%. However, komatiite 84 
flow and the sample they studied were restricted, these may not be representative of the 85 
Gorgona komatiites. In this study, we used melt inclusions in Cr-spinel from beach sand 86 
samples to determine the primary volatile contents (H2O, CO2, F, Cl and S) of the komatiite. 87 
Because beach sand is the aggregate of minerals in igneous rocks from a wide area of Gorgona 88 
Island, these melt inclusions should cover all types of lavas on the Island. 89 
 90 
2. Geological background of Gorgona Island 91 
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Gorgona Island is a small (8 km  2.5 km) volcanic island, located ~60 km off the 92 
Colombian Pacific coast. Various intrusive and extrusive igneous rocks crop out on the island, 93 
including gabbro, wehrlite, dunite, basalt, picrite and the youngest komatiite known on the 94 
Earth (Arndt et al., 1997; Brandon et al., 2003; Echeverría, 1980; Kerr, 2005; Révillon et al., 95 
2000). Gorgona Island was formed on the Farallon plate in the Pacific Ocean at ~90 Ma and 96 
subsequently accreted at ~40 Ma onto northwestern South America (Kerr and Tarney, 2005). 97 
Chemical (trace element and isotopic) compositions of Gorgona basaltic rocks are similar to 98 
those of the Pacific oceanic-plateau tholeiites, indicating that Gorgona was a part of the 99 
Caribbean-Colombian Oceanic Plateau (Storey et al., 1991). The geochemistry of the Gorgona 100 
volcanic rocks also reveals a remarkably heterogeneous mantle source region, containing both 101 
relatively depleted and enriched components (Arndt et al., 1997; Révillon et al., 2002). The age 102 
of ~90 Ma is also characterised by episodic and global-scale deposition of black shales of 103 
marine setting, the so-called Oceanic Anoxic Event 2 (OAE-2). Recent studies suggest that this 104 
global environmental perturbation was triggered by the contemporaneous eruptions of several 105 
large igneous provinces, such as the Ontong-Java Plateau, Caribbean-Colombian Oceanic 106 
Plateau and Madagascar flood basalts (e.g. Kerr, 1998; Kuroda et al., 2007; Snow and Duncan, 107 
2005; Turgeon and Creaser, 2008). 108 
 109 
3. Sample description 110 
We used Cr-spinel-hosted melt inclusions to discuss the volatile contents of komatiite. 111 
Because Cr-spinel is one of the first phases to crystallize from a komatiitic melt and forms 112 
dense and rigid crystals, it is suggested as an excellent container for retaining the least degassed 113 
primitive magma (Kamenetsky, 1996; Kamenetsky et al., 2002; Shimizu et al., 2001). However, 114 
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studies of melt inclusions hosted in Cr-spinels are very rare because of the difficulties in 115 
separating sufficient minerals to study. In volcanic rocks, Cr-spinels are limited to high-MgO 116 
magmas, where they are generally sparse (<1 modal %), small (<200 µm across) and usually 117 
hosted in olivine or pyroxene crystals. Thus, large amounts of high-Mg primary volcanic rocks 118 
are required to obtain enough Cr-spinel to find a significant number of inclusions. To overcome 119 
these difficulties, we propose a novel protocol, whereby we collect beach sand from the 120 
volcanic island of interest and pick Cr-spinel from the sand. The exposed volcanic rocks on the 121 
island are weathered and eroded to small fragments, and the minerals are washed and separated 122 
by wave action, becoming beach sand. Although the sampling method results in a loss of 123 
geological context, it is complemented by a geochemical survey of the rocks present on the 124 
island. As we discuss later, compositions of Cr-spinel and their melt inclusions within Cr-spinel 125 
from beach sand cover those from all volcanic types of Gorgona Island.  126 
In Gorgona Island, Cr-spinels are observed in several kinds of igneous rocks, including 127 
komatiite, picrite, basalt and cumulative dunite (Echeverría, 1980; Echeverría and Aitken, 128 
1986; Kerr et al., 1996; Kerr and Tarney, 2005; Révillon et al., 2000). Although microscopic 129 
observations reveal no clear differences in size, colour or shape among Cr-spinels from the 130 
different rock types, their TiO2 contents are different (Fig. 1A). Cr-spinels in picritic, komatiitic 131 
and cumulative rocks tend to have low, intermediate and high (up to 10 wt%) TiO2 content, 132 
respectively (Fig. 1A). Although some Cr-spinels from picritic rocks have high TiO2 content, 133 
they are probably xenocrysts that originated from a cumulative dunite.  134 
In this study, beach sand was collected from the eastern coast near a large landslide on 135 
Gorgona Island. The beach sand consists mainly of clinopyroxene, olivine, magnetite and a 136 
small portion of Cr-spinel (~1 modal%). Cr-spinel was separated from the beach sand using a 137 
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magnetic separator, heavy liquid and hydrofluoric acid. Cr-spinels from the beach sand are 138 
euhedral (octahedral) and range from 50 to 200 µm in size, which is comparable to those in the 139 
volcanic rocks. Melt inclusions in Cr-spinel are spherical and up to 50 µm across. Many of them 140 
contain vesicles, and all of them are devitrified glass with quench crystals of olivine and 141 
clinopyroxene. To analyse the chemical compositions of melt inclusions properly, separated 142 
Cr-spinels were heated to homogenise the inclusions, and inclusions of ≥20 µm in size were 143 
selected. 144 
 145 
4. Sample preparation and analytical methods 146 
To homogenise the melt inclusions, separated Cr-spinels were placed in platinum casing 147 
and inserted into an atmospheric furnace of the Magma Factory at Tokyo Institute of 148 
Technology, which heated the samples to 1300 °C for 7 min. The oxygen fugacity was regulated 149 
under quartz-fayalite-magnetite (QFM) buffer conditions using a H2-CO2 gas mixture, and 150 
quenched rapidly to room temperature. As Cr-spinel is an opaque mineral and its melt 151 
inclusions are very rare, ~200 grains of annealed Cr-spinel were mounted in one disc of acrylic 152 
resin (~6 mm across) and were polished carefully until large melt inclusions (>20 µm) were 153 
discovered. Therefore, one acrylic disc usually has one analysable melt inclusion. 154 
Major element compositions of melt inclusions and their host spinels were analysed using 155 
an electron probe micro-analyser (JEOL JXA-8800A) at Japan Agency for Marine-Earth 156 
Science and Technology (JAMSTEC). Phenocrysts and melt inclusions were analysed at a 15 157 
kV accelerating voltage and 12 nA current, using a 10 µm diameter defocused beam and 10–30 158 
s counting time. The ferric iron in the Cr-spinel was calculated stoichiometrically.  159 
Prior to volatile analyses, the carbon coating was completely removed by re-polishing 160 
 8
using fine sand paper and 0.3 µm alumina plaste, and then melt-inclusion-bearing Cr-spinels 161 
were extracted from the resin using a pointed soldering iron and remounted into an indium 162 
metal sample holder to minimise volatile contamination from the resin and atmosphere. 163 
Samples were then polished again, washed with isopropanol and stored under vacuum (10-7 164 
torr) for 24-48 hours prior to gold coating, and the gold-coated sample mount was stored in the 165 
machine airlock at <10-8 torr for 12 hours before it was brought into the sample chamber at 4 166 
 10-9 torr. To measure the volatile (H2O, CO2, F, S and Cl) contents of the melt inclusions, 167 
high mass resolution secondary ion mass spectrometry (CAMECA IMS 1280) was used at 168 
Woods Hole Oceanographic Institution (WHOI). A Cs+ primary beam with a current of ~1.5 nA 169 
was focused to a spot of ~10 µm in diameter. The beam was rastered over an area of 30  30 µm. 170 
Negatively charged secondary ions (12C, 16O1H, 19F, 30Si, 32S and 35Cl) were measured. To 171 
compensate for the positively charged sample surface during extraction of negatively charged 172 
ions, the sample was always exposed to an electron beam with ~100 µm diameter when the 173 
primary beam was bombarding the sample. Analysis was made on the central 15  15 µm area 174 
within the rastered (30  30 µm) area by placing an aperture (field aperture) at the image plane 175 
of the secondary ion optics. Presputtering for 4 minutes was made prior to analysis. Magnet 176 
positions were calibrated for every spot. To resolve the 16O1H from the 17O, a mass resolving 177 
power [MRP = 1/2 (m2 + m1)/(m2 − m1), where m1 and m2 are the atomic weights of 17O and 178 
16O1H, respectively] has to be >4712; thus, the MRP was set to ~5500. This MRP was sufficient 179 
also for completely resolving commonly found interferences such as 29Si1H from 30Si, 31P1H 180 
from 32S and 34S1H from 35Cl. Basaltic and andesitic glasses with various volatile contents were 181 
prepared as standard samples to establish the five working curves of 16O1H/30Si vs. H2O (wt%), 182 
12C/30Si vs. CO2 (ppm), 19F/30Si vs. F (ppm), 32S/30Si vs. S (ppm) and 35Cl/30Si vs. Cl (ppm). 183 
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The compositions of standard glasses, reproducibilities of volatile element over 30Si of standard 184 
glasses and calibration curves and equations are shown in the supplementary data (Table S1 and 185 
Fig. S1). In-run precisions of standard glasses and melt inclusions are mostly better than 3%. 186 
Total analytical uncertainties, including reproducibilties of standard glasses and uncertainties 187 
on slopes of calibration curves are ~10% for all volatile elements such as H2O, CO2, F, S and Cl. 188 
Instrument backgrounds were 5-9 ppm for CO2 and 50-80 ppm for H2O, based on repeated 189 
analyses of synthetic forsterite for the primary beam conditions used for this study. 190 
Backgrounds for other volatiles are: 4.5 ppm for F, 0.5 ppm for S, and 1.1 ppm for Cl, also 191 
based on analyses of synthetic forsterite. In addition, to check surface contamination of 192 
volatiles, especially C by carbon coating, we always monitored homogeneity of negatively 193 
charged secondary ions (especially 12C) of melt inclusion by imaging of 12C intensity and by 194 
assessing stability of intensity ratios of volatiles against 30Si. If we encountered unstable 12C 195 
/30Si (>10% deviation) during analysis and/or melt with heterogeneous distributions of 12C 196 
image, the data was discarded (Fig. S2). All melt inclusions of discarded data have vapour 197 
bubbles within them, which may indicate incomplete removal of carbon coating. In this study, 198 
melt inclusions with high CO2 content (>500ppm) are bubble-free (Fig. S3), which, supports 199 
complete removal of carbon coating. 200 
After volatile analyses, the trace element compositions (K2O, Sr, Y, Zr, Nb, Ba, La, Ce, Dy 201 
and Yb) of the melt inclusions were analysed using a secondary ion mass spectrometry 202 
(CAMECA IMS 3f) at WHOI following the method described by Shimizu (1998). Melt 203 
inclusions were sputtered with negatively charged oxygen ions, and all the analyses were 204 
carried out with a 10 µm diameter primary beam. An energy filtering technique was used to 205 
suppress molecular ion interference, with the secondary accelerating voltage offset by 60 V for 206 
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Dy and Yb and 90 V for the other elements. Basaltic (Hawaii: ML3B-G), komatiitic (Gorgona: 207 
GOR132-G) and peridotitic (SiO2 added: BM90/21-G) glasses, together with KLB-1 208 
clinopyroxene (for Dy and Yb), enriched and depleted in trace element compositions (Jochum 209 
et al., 2000) were used as standard materials to establish calibration curves. Compositions of 210 
standard glasses, reproducibilities of trace element over 28Si of standard glasses and calibration 211 
curves and equations are shown in the supplementary data (Table S2 and Fig. S4). Total 212 
analytical uncertainties, including reproducibilities of standard glasses and uncertainties of 213 
slopes of calibration curves are: 8-9% for K and Sr, 15% for Y, ~20% for Dy and Yb, and 5-6% 214 
for rest of trace elements. When Nb, Ba, La and Ce contents are < 1ppm, counting errors 215 
become prominent and total uncertainties for these elements are 10 % to 20%. Detection limits 216 
for Nb and Ce are 0.1 ppm and 0.3 ppm, respectively.  217 
Preparation and analysis of melt inclusions in olivine from Gorgona picrite (GRN101) 218 
were basically the same except that the crystals were separated from picritic rock. 219 
Compositions of melt inclusions and host minerals are presented in Table 1. 220 
 221 
5. Results and discussion 222 
5.1 Chemical characterisation of melt inclusions 223 
We neglected data of the inclusion-bearing Cr-spinels with low Mg# [=Mg/(Mg + Fe2+)  224 
100 < 55], owing to the possibility that these Cr-spinels crystallised from or re-equilibrated with 225 
an evolved melt ( marks on plots in Fig. 1B). We also neglected data with KD [Fe-Mg partition 226 
coefficients between melt inclusions and their Cr-spinel host: (Fetotal/Mg)MELT/(Fe2+/Mg)HOST] > 227 
~1.6 to avoid disequilibrium melts, as experimentally determined KD is 0.9–1.5 (Roeder and 228 
Reynolds, 1991; Thy, 1995). The remaining inclusion-bearing Cr-spinels were divided into 229 
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three groups on the basis of the spinel TiO2 content and Cr#: (i) low Ti (TiO2 < 0.3 wt%), 230 
termed P type; (ii) high Ti (>0.3 wt%) and high Cr# (>55), K1 type; and (iii) high Ti (>0.3 wt%) 231 
and low Cr# (<55), K2 type (Fig. 1C). Although most compositions of the Cr-spinel from the 232 
beach sand overlap the compositional fields of the volcanic rocks, some do not (Fig. 1C). This 233 
may be due to more comprehensive sampling for the beach sand compared to collecting rock 234 
samples. The range of TiO2 content in melt inclusions is identical to that of Gorgona volcanic 235 
rocks (0.1–1.8 wt%), whereas the range of MgO in the melt inclusions differs from that of 236 
whole-rock variations (Fig. 1D). Mismatch of MgO content of whole rocks vs. melt inclusions 237 
may be due to accumulation of phenocrysts in whole rocks, incomplete dissolution or 238 
recrystallisation of daughter crystals during reheating and/or Fe-Mg re-equilibration of melt 239 
inclusion through host Cr-spinel (Scowen et al., 1991). A CaO/TiO2-Al2O3/TiO2 correlation of 240 
the melt inclusions (Fig. 2A) is in good agreement with whole-rock variations; the melts hosted 241 
by P-, K1- and K2-type Cr-spinels correspond well to picrite, G1 komatiite (some E basalt) and 242 
G2 komatiite of Gorgona Island, respectively (Kerr, 2005). A Zr/Y-Al2O3/TiO2 diagram also 243 
shows correlation similar to that of the CaO/TiO2-Al2O3/TiO2 diagram, with P-, K1- and 244 
K2-type melts corresponding to picrite, G1 komatiite (some E-basalt) and G2 komatiite, 245 
respectively. These ratios are not altered by addition and subtraction of olivine, the dominant 246 
phase during differentiation in komatiite and picrite, suggesting that they reflect primary 247 
magmatic features. As suggested previously, compositional diversities (including isotope 248 
differences) of Gorgona volcanic rocks could be explained by dynamic melting over a wide 249 
pressure range of enriched and depleted mantle sources (Arndt et al., 1997). There are large 250 
compositional variaitons in melt inclusions in Cr-spinels (e.g. K2O: 0.006–0.3 wt%; Ba: 1–190 251 
ppm; Sr: 11–240 ppm; Ce: 0.4–13.4 ppm), which cannot be explained by crystal differentiation 252 
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or accumulation of a single parental magma, but is consistent with whole-rock variations (Fig. 253 
2C and D). As shown in Fig 2B–D, compositional variations of K1-type melt inclusions can be 254 
explained by simple mixing of two magmatic components: primary G1 komatiite and E basalt.  255 
The H2O and CO2 contents of melt inclusions within Cr-spinels from the beach sand are 256 
highly variable (H2O: 0.03–0.9 wt%; CO2: 40–4000 ppm; Fig. 3). K1- and K2-type melt 257 
inclusions are low in H2O (<0.1 wt%), whereas some P-type inclusions contain over 0.2 wt% 258 
(up to 0.9 wt%). All olivine-hosted melt inclusions from the picrite are relatively high in H2O 259 
(~0.3 wt%), but low in CO2 (~50 ppm). Although the CO2 contents of most melt inclusions are 260 
lower than 200 ppm, some K1- and K2-type melt inclusions contain CO2 over 800 ppm, the 261 
highest value reported for direct measurements of volcanic glasses or melt inclusions from 262 
MORBs or oceanic island basalts (OIBs) (Workman et al., 2006). As CO2 solubility in a silicate 263 
melt is very low even at high pressure, the CO2 contents of melt inclusions are usually 264 
minimum values for the magmas. For ~4000 ppm CO2 to be dissolved in a melt, pressures in 265 
excess of 5 kbar are required (Newman and Lowenstern, 2002). Thus, inclusions with high CO2 266 
contents were trapped in Cr-spinel at high pressure, and the trapped pressures were preserved 267 
during eruption and emplacement. On the other hand, as H2O diffuses rapidly (Mackwell and 268 
Kohlstedt, 1990; Portnyagin et al., 2008), remobilisation of H2O into or out of inclusions 269 
through the host mineral might have occurred. The relatively low and similar H2O contents of 270 
K1- and K2-type melt inclusions might be explained by H2O re-equilibration through the spinel 271 
with external melts, whereas the high H2O contents of some P-type melt inclusions and melts 272 
within picrite olivine might be explained by H2O addition via inward diffusion of hydrogen 273 
from external melt which was hydrated by seawater or brine as described below. Therefore, it is 274 
difficult to evaluate the original H2O contents of the primary komatiite and picrite in this study.  275 
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 276 
5.2 Seawater/brine assimilation: water and chlorine 277 
The Cl/K2O ratios of the melt inclusions are scattered, and some are unusually high 278 
(0.01–6.4; Fig. 4) compared to normal OIB (<0.1; Kent et al., 1999b) and MORB glasses 279 
(0.01–0.07; Michael and Cornell, 1998). It is likely that these high Cl/K2O ratios are caused by 280 
assimilation of seawater, brine or Cl-rich minerals, as indicated by previous studies of melt 281 
inclusions and volcanic glasses (Kent et al., 1999b). There are positive correlations between the 282 
Cl content and Cl/K2O ratio for the melt inclusions (Fig. 4A). The slopes of the 283 
magma-seawater/brine mixing lines in Fig. 4A depend on the K2O content of the 284 
uncontaminated magma, increasing with decreasing K2O content, at a constant Cl/K2O ratio for 285 
seawater and brine. The steepest gradient in Cl vs. Cl/K2O observed in the melt inclusions can 286 
be explained by seawater/brine mixing with a low K2O magma (K2O ~0.006 wt%). The other 287 
inclusions can be reproduced by seawater/brine mixing with magma containing more K2O 288 
(~0.03 wt%). In the H2O/K2O-Cl/K2O diagram (Fig. 4B), many K1- and K2-type melt 289 
inclusions exhibit an extraordinary steep trend, whereas all the olivine-hosted and many P-type 290 
melt inclusions exhibit shallower trends. Potential assimilants to explain these trends are 291 
seawater/brine and Cl-rich minerals such as halite.  Melt with the highest CO2 content is also 292 
high in Cl/K2O (6.4), indicating komatiite assimilated “seawater component” at depth ~6-7 293 
kbar (approaching lithospheric mantle beneath oceanic crust). Although penetration of 294 
seawater-derived fluid to lithospheric mantle are not previously reported (very high 295 
temperature hydrothermal alterations was observed at the Moho; e.g. Bosch et al., 2004), it 296 
might have happened by hydrothermal circulation at a transform fault near a ridge axis, where 297 
the oceanic plate was deeply fractured. Deeply penetrated Cl-rich fluid was then released by 298 
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subsequent volanic activity of Gorgona Island.  As the melt inclusions are mainly komatiitic 299 
and picritic, which are highly depleted in incompatible trace elements such as Ba, Nb, K2O and 300 
La, very low degrees of assimilation of seawater/brine can extensively change Cl content and 301 
Cl/K2O and H2O/K2O ratios, but may not significantly affect other volatile and trace element 302 
concentrations. Indeed, degrees of seawater, brine or halite assimilations are calculated to be 303 
mostly lower than 0.5% (Fig. 4A and B), which is comparable to those estimated from OIB 304 
glass and melt inclusions (Kent et al., 1999a). Particularly, in order to obtain the highest and 305 
second highest Cl/K2O melts, they only require ~0.15% and 0.1% assimilation of 50% brine, 306 
respectively (Fig. 4). The H2O/K2O ratio for the hypothetical uncontaminated magma was 1.6 307 
(±0.7) for this calculation: the average value of melts with low H2O/K2O ratios (<3). Since this 308 
ratio is comparable to those of MORB glasses (~2.5 ± 0.9, Saal et al., 2002; ~1.8 ± 0.5, le Roux 309 
et al., 2006) and slightly higher than those of OIB glasses (~0.7 ± 0.2, Workman et al., 2006; ~1, 310 
Dixon and Clague, 2001), the Gorgona komatiite probably formed under ‘normally’ dry 311 
conditions. Although it is not possible to estimate the original Cl and H2O contents of magmas 312 
in this study, other volatile elements should not be extensively affected by <0.5% brine 313 
assimilation.  314 
 315 
5.3 Carbon dioxide and Fluorine 316 
To estimate CO2 in the source mantle, it is generally useful to compare CO2/Nb ratios, 317 
because it is suggested that this elemental pair has similar during mantle melting and fractional 318 
crystallisation (Cartigny et al., 2008; Saal et al., 2002; Workman et al., 2006). However, as CO2 319 
is highly insoluble in silicate melt, it is difficult to evaluate the undegassed original CO2/Nb 320 
ratio of the source. Undegassed lavas of MORB are rarely sampled from deep ocean floor, and 321 
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their volatile and trace element compositions indicate that CO2/Nb of depleted MORB mantle 322 
(DMM) is 530 (Cartigny et al., 2008). On the other hand, CO2 in volcanic glasses and melt 323 
inclusions from OIBs are mostly degassed, and their CO2/Nb ratios are remarkably low and 324 
scattered (0.1–6; Dixon and Clague, 2001; Workman et al., 2006). CO2/Nb ratios of melt 325 
inclusions are also scattered in this study (Fig. 5), indicating that most melt inclusions are 326 
partially degassed, and do not preserve original CO2/Nb of magma. Although, some melt 327 
inclusions have considerably higher CO2/Nb ratios (>2000, up to 7000) than OIB and MORB 328 
sources (Fig. 5A). Focusing only on the melts of maxium CO2/Nb ratios for each Zr/Y ratio, the 329 
CO2/Nb ratios of melt inclusions have negative trend with Zr/Y.  330 
A similar trend was observed for F/Zr and Zr/Y (Fig. 5B). As F has similar behaviour to P 331 
during mantle melting and crystallization (Saal et al., 2002) and Zr acts similar to P, F/Zr ratios 332 
of melt may not be altered significantly by melting and crystallization. As the Zr/Y variation of 333 
melt inclusions can be explained by mixing of two magmatic components (Fig. 2B–D), similar 334 
mixing calculation was performed for the variation of CO2/Nb and F/Zr ratios. One end 335 
component is the primary undegassed komatiite with low Zr/Y ratios, and the other is the 336 
evolved basalt with low volatile and high Zr/Y ratios. The estimated CO2/Nb, F/Zr and Zr/Y 337 
ratios for primary komatiite are 4000 ± 2200, 7.0 ± 1.7 and 1.7 ± 0.3, respectively, by simply 338 
using the average values of four melt inclusions with high CO2/Nb and F/Zr. The determined 339 
CO2/Nb and F/Zr ratios of primary komatiite are remarkably higher than those of MORB and 340 
OIB (Fig. 5), indicating CO2 and F rich source for komatiite. The CO2/Nb, F/Zr and Zr/Y ratios 341 
of the end component of low volatile basalt (average value of four melts with high Zr/Y) are 11 342 
± 3, 1.5 ± 0.7 and 4.6 ± 0.2, respectively. It is not certain whether CO2/Nb and F/Zr of enriched 343 
basalt were originally low or became low by degassing.  344 
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 345 
5.4 Sulfur 346 
Sulfur contents of melt inclusions range from 50 to 960 ppm, which is lower than those of 347 
MORB and OIBs (usually S > 1000 ppm; Wallance and Carmichael, 1992). The lower 348 
concentration of S in Gorgona melt inclusions may be attributed to a higher degree of mantle 349 
melting than in MORB and OIBs (Rehkämper, et al., 1999). The highly scattered S content of 350 
melt inclusions may be attributed to SO2 degassing or fractionation of sulfide minerals. The S 351 
content of melt inclusions has a negative trend with Cr# of the host spinel (Fig. 6). As Cr# of 352 
Cr-spinel is used as an indicator of source enrichment/depletion (e.g. Barnes and Roeder, 2001), 353 
the correlation of S and Cr# supports magma mixing of depleted and enriched components. 354 
Although it is unlikely to estimate the original S contents of the komatiitic and picritic magmas 355 
in this study, the S content of the komatiite tends to be higher than that of the picrite.  356 
 357 
5.5 Summary and implications for the role of volatiles in Gorgona komatiite 358 
In this study, the evaluations of volatile contents are not completely successful because of 359 
compositional alterations of the original melt by degassing, seawater/brine assimilation and 360 
post-entrapment re-equilibrations of certain elements and volatiles. However, several least 361 
degassed primary melt inclusions were found, which lead us to estimate the primary CO2/Nb of 362 
the komatiite to be 4000 ± 2200. The determined ratios are unusually high compared to that of 363 
MORB, which is 530 (Cartigny et al., 2008). Using the Nb content of whole-rock komatiite 364 
(~0.4 ppm; Kerr, 2005), the CO2 content of the primary Gorgona komatiite is determined to be 365 
0.16 ± 0.09 wt%. Although the H2O contents in sources of Gorgona volcanic rocks, including 366 
komatiite, picrite and basalt, were not determined quantitatively in this study, a large number of 367 
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melt inclusion analyses indicates that they are not much different from those of OIB.  368 
It has been suggested that degassing of volatiles makes an important contribution to the 369 
ascent of dense magma through the crust and its eruption at the surface (Anderson, 1995; Lange, 370 
2002). As komatiite is a dense magma, it is not easily erupted to the surface. Anderson (1995) 371 
calculated that magma with 15 wt% MgO and 0.3 wt% CO2 would become buoyant relative to 372 
degassed basaltic melt at ~2 kbar, where the base of a basaltic magma reservoir may exist. As 373 
the primary Gorgona komatiite has MgO ~18 wt% (Arndt et al., 1997), the presence of ~0.2 374 
wt% CO2 in the Gorgona komatiite is likely to play an important role in the ascent of the 375 
magma.  376 
Recently, the roles of deep mantle CO2 in the origin of igneous rocks and in the global 377 
carbon cycle have been revisited after melting experiments on carbonated peridotite (Dasgupta 378 
and Hirschmann, 2006; Dasgupta et al., 2006) and petrological and geochemical investigations 379 
of diamonds and their mineral inclusions (e.g. Brenker et al., 2007; Tappert et al., 2005). As 380 
these previous studies suggested, the origins of the CO2-rich sources of the Gorgona komatiite 381 
might also be related to crustal materials that were transported to the deep mantle by subduction 382 
processes. The original carbonate is retained during subduction even when the geotherm is 383 
relatively high, while hydrous minerals break down at the same geotherm, resulting in extreme 384 
increases in CO2/H2O ratios for deep subducted crustal materials (Kerrick and Connolly, 2001). 385 
Such a mechanism may explain the high CO2 and moderate or low H2O content in the Gorgona 386 
komatiite and picrite sources. As F/Zr ratio of the primary komaiite was also high, F content of 387 
the source might be increased by subduction processes. 388 
Although the presence of ~0.2 wt% CO2 in the magma would not significantly affect the 389 
temperature at which komatiite is generated (<5 °C; Dasgupta et al., 2006), it may critically 390 
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decrease the solidus temperature of the mantle and deepen the beginning of mantle melting. 391 
Assuming that the potential mantle temperature for the anhydrous Gorgona komatiite is 392 
~1570 °C (Herzberg et al., 2007), extrapolation of the carbonated mantle solidus of Dasgupta 393 
and Hirschmann (2006) produces an estimated initiation depth of melting of ~14 GPa, i.e. the 394 
upper part of the mantle transition zone. 395 
The high CO2 content and relatively anhydrous nature of Gorgona komatiite provide 396 
possible resolution to one aspect of the hydrous komatiite debate. Highly vesicular komatiite 397 
lava in 3.5 Ga Barberton komatiite (e.g. Dann, 2001) can be created by CO2-degassing, without 398 
requiring hydrous melts. However, further work needs to be done regarding this aspect for 399 
Archean komatiites. 400 
  401 
6. Conclusions 402 
We present a novel method whereby we collect beach sand from a volcanic island and 403 
separate Cr-spinel from the sand. Three volcanic types (P, K1 and K2 types), distinguished by 404 
their host mineral compositions and the chemical compositions of melt inclusions within them, 405 
covered almost all the compositional ranges of Gorgona volcanic rocks (from komatiites to 406 
enriched basalts), indicating that the collected sand represents rocks all over the island. Several 407 
least degassed primary melt inclusions were found, which led us to estimate the primary 408 
CO2/Nb of the komatiite to be 4000 ± 2200. 409 
Assimilation of seawater/brine to the magma significantly affected chlorine and water 410 
concentrations in the melt inclusions. The extent of the assimilations is comparable to those 411 
seen in modern submarine basaltic rocks. 412 
Although the presence of high CO2 and low H2O contents in the Gorgona komatiite do not 413 
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significantly affect the estimated temperature at which the magma was generated, degassing of 414 
CO2 from komatiitic melts may contribute to the ascent of dense komatiitic and picritic magma 415 
to the surface. This could provide a possible resolution to one aspect of the hydrous komatiite 416 
debate, as high CO2 could create volcanological features such as vesicular komatiites. 417 
 418 
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Figure captions 584 
Fig. 1. Comparison of Gorgona Island Cr-spinel from igneous rocks and beach sand. (A) 585 
Compositional variations of Cr-spinel from Gorgona igneous rocks, showing that the different 586 
rock types can be distinguished by their range in TiO2 contents. (B) Mg# variations of melt 587 
inclusions and their host spinel. The hashed area is an experimentally determined equilibrium 588 
area from Roeder and Reynolds (1991) and Thy (1995).  marks on the plots are neglected 589 
owing to possibilities for the host spinel to trap the evolved or disequilibrium melts. (C) 590 
Compositions of melt inclusion-bearing Cr-spinels from the Gorgona beach sand, showing that 591 
they can be divided into three compositional groups [low-Ti type (P type), high-Ti and high-Cr# 592 
type (K1 type) and high-Ti and low-Cr# type (K2 type)]. Compositional ranges of Cr-spinels 593 
within the Gorgona volcanic rocks from Fig. 1A are also shown. (D) Compositions of 594 
Cr-spinel- and olivine-hosted melt inclusions (MI). Coloured fields are from the whole-rock 595 
compositional data of Kerr (2005).  596 
Fig. 2. Compositional variation diagrams of melt inclusions from Gorgona Island, 597 
showing that melt inclusions cover the compositional range of Gorgona Island. Coloured areas 598 
are from the whole-rock compositional data of Gorgona volcanic rocks from Kerr (2005). 599 
Dashed lines indicate mixing lines of low-K2O (Zr/Y) and high-K2O (Zr/Y) melt inclusions of 600 
K1 type. Analytical errors for Zr/Y, K2O, Ce and Sr are ~16%, ~9%, ~6% and ~6% of the value, 601 
respectively. Example error bars of certain values are also shown in diagrams. 602 
Fig. 3. H2O-CO2 variation diagram for melt inclusions hosted in Cr-spinels from beach 603 
sand and in olivines from picrite collected on Gorgona Island. Solid lines indicate the calculated 604 
H2O-CO2 saturation curves of basaltic magma at each pressure (Newman and Lowenstern, 605 
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2002). The coloured area defines the compositional variation exhibited by glasses and melt 606 
inclusions from MORB and OIB by spot analyses (Workman et al., 2006). CO2 contents of K1- 607 
and K2-type melts are highly scattered up to 4000 ppm, whereas P-type melt and melt 608 
inclusions in olivine tend to have lower CO2 contents. H2O contents of K1- and K2-type melts 609 
are relatively low, but those of P-type and olivine-hosted melts are scattered. Analytical errors 610 
of CO2 and H2O are ~10% for the value. Example error bar of certain value is also shown in a 611 
diagram. 612 
Fig. 4. Variation diagrams of melt inclusions from Gorgona Island. (A) Cl-Cl/K2O and (B) 613 
Cl/H2O-Cl/K2O. Very minor contamination (<0.5 %) by seawater, brine or halite can alter the 614 
chlorine content and these ratios in melt inclusions. Mixing lines were drawn based on simple 615 
two-component mixing of a melt with K2O = 0.03 wt% (grey outline text) or a melt with K2O = 616 
0.006 wt% (solid text) and seawater, brines or halite of Kent et al. (1999b). Symbols are as in 617 
Fig. 3. Analytical errors for Cl, Cl/K2O and /H2O/K2O are ~10%, ~12% and ~12% of the value, 618 
respectively. Example error bars of certain values are also shown in diagrams. 619 
Fig. 5. (A) CO2/Nb-Zr/Y variation and (B) F/Zr-Zr/Y variation diagrams of melt 620 
inclusions from Gorgona Island. Ranges of CO2/Nb and F/Zr ratios of depleted MORB mantle 621 
(DMM; Cartigny et al., 2008) and OIB glasses (Hawaii, Dixon and Clague, 2001; Samoa, 622 
Workman et al., 2006) and Zr/Y ratios in the Gorgona volcanic rocks (Kerr, 2005) and the area 623 
of East Pacific Rise (EPR) MORB (le Roux et al., 2006) are also shown. Estimated values of 624 
volatile contents for primary komatiite (PK) are also shown. The negative trends in both 625 
diagrams may be derived from magma mixing of the volatile-rich primary komatiite and 626 
volatile-poor basalt, as shown by a possible mixing curve (black dotted line). Analytical errors 627 
for CO2/Nb, F/Zr and Zr/Y are ~12%, ~12% and ~16% of the value, respectively. Example 628 
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error bars of certain values are also shown in diagrams. 629 
Fig. 6. Variation diagram of S content of melt inclusions and Cr# of the host Cr-spinel. 630 
Symbols are as in Fig. 3. Analytical error for S is ~10%. Example error bar of certain value is 631 
also shown in diagram. 632 
 633 
Table captions 634 
Table 1. Compositions of Cr-spinel- and olivine-hosted melt inclusions and host minerals 635 
from Gorgona Island. 636 
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Table 1 Compositions of Cr-spinel- and olivine-hosted melt inclusions and host minerals from Gorgona Island
type P-type K1-type
sample A09sp6 A10sp1 A12sp2 B01sp1 B01sp3 B03sp2 B03sp4 B06sp2 B09sp1 B10sp1 D02sp1 D06sp2 D15sp1 D22sp1 D29sp2 D30sp1 D36sp4 D41sp1 A01sp1
vesicles YES YES NO NO NO NO NO YES NO NO NO YES NO NO NO YES YES YES YES
wt%
SiO2 49.5 48.7 49.8 48.3 48.4 47.5 51.0 47.6 50.9 51.7 47.1 49.4 46.6 51.6 50.5 50.4 48.8 49.9 47.9
TiO2 0.29 0.52 0.41 0.50 0.60 0.22 0.59 0.28 0.44 0.15 0.30 0.37 0.39 0.23 0.43 0.19 0.38 0.49 0.74
Al2O3 12.0 12.9 14.8 13.5 14.9 11.0 18.4 11.7 14.4 11.1 11.4 11.4 11.2 13.2 15.5 11.0 14.5 14.7 11.8
Cr2O3 1.1 1.1 0.9 1.0 1.0 0.6 1.2 1.1 1.1 0.7 1.0 1.4 1.3 1.1 1.3 1.3 1.1 0.8 0.7
FeO(total) 8.1 9.4 8.8 9.8 9.6 9.7 6.3 9.2 9.6 7.4 10.9 13.3 9.0 8.7 8.7 11.3 10.2 6.4 9.5
MnO 0.18 0.19 0.13 0.19 0.20 0.19 0.09 0.14 0.15 0.15 0.21 0.60 0.18 0.17 0.17 0.26 0.23 0.13 0.18
NiO 0.01 0.03 0.03 0.03 0.02 0.05 0.01 0.07 0.04 0.04 0.06 0.03 0.04 0.05 0.01 0.07 0.07 0.04 0.05
MgO 16.6 13.2 9.9 12.4 10.2 20.3 6.0 18.7 11.7 17.8 17.5 9.7 20.0 13.0 8.6 17.0 12.5 11.8 17.9
CaO 11.3 11.5 12.6 10.9 12.5 9.1 11.3 10.8 11.4 9.9 8.9 11.9 10.2 10.5 13.0 9.0 10.8 13.6 10.0
Na2O 0.94 1.75 2.05 1.47 1.80 0.81 2.94 1.43 1.59 0.79 1.20 1.42 1.27 0.98 1.68 0.94 1.19 1.54 1.24
K2O 0.014 0.024 0.048 0.034 0.027 0.033 0.090 0.036 0.074 0.015 0.022 0.291 0.017 0.006 0.009 0.029 0.055 0.010 0.069
H2O 0.081 0.092 0.067 0.14 0.29 0.92 0.043 0.077 0.13 0.32 0.055 0.058 0.10 0.063 0.078 0.22 0.073 0.042 0.082
ppm
CO2 104 102 225 101 191 224 39 86 160 167 78 44 298 1328 160 51 54 65 108
F 58 80 97 64 69 55 177 46 81 40 48 171 72 46 72 59 52 62 85
S 355 502 633 455 263 267 246 47 502 236 552 105 509 279 324 137 261 220 576
Cl 118 532 29 50 927 330 15 7 40 182 82 449 23 84 18 491 6 10 207
Ba 2.8 5.7 7.9 24.3 14.8 17.2 4.3 6.1 23.7 4.5 4.1 189.3 2.5 1.2 1.3 14.3 1.6 1.6 12.9
Nb 0.5 1.2 1.2 0.4 0.3 0.8 0.1 0.3 1.4 0.1 0.9 0.4 1.0 - 0.5 1.2 0.2 - 4.0
La 0.4 0.4 0.7 0.8 0.7 0.8 0.1 1.2 1.3 0.2 1.0 3.4 0.5 0.3 0.6 0.4 0.7 0.3 2.5
Ce 0.8 1.0 1.7 1.0 1.3 1.8 1.2 3.1 3.1 0.8 1.8 5.5 1.9 1.9 0.6 1.0 0.4 1.3 7.4
Sr 20.3 44.4 60.9 41.6 44.4 26.1 32.9 74.7 52.3 13.3 34.6 239 44.2 11.0 24.8 28.2 24.3 33 93
Zr 6.3 17.3 20.5 24.2 26.9 8.5 24.2 40.8 29.1 6.7 14.4 22.0 18.2 8.9 21.8 9.7 14.6 22.3 52.3
Dy 1.2 2.1 1.8 2.2 2.8 1.3 2.4 3.6 2.8 1.0 1.8 1.5 2.6 0.9 2.5 1.2 2.9 3.5 2.3
Y 5.4 10.4 12.1 14.1 17.9 8.7 15.8 21.1 19.0 4.7 12.0 11.6 11.5 8.5 15.7 6.1 15.9 18.5 16.2
Yb 1.0 1.4 1.4 1.2 1.6 0.9 1.4 2.5 1.4 0.5 1.3 1.0 1.4 0.8 1.3 0.9 1.5 1.8 1.1
host-mineral
TiO2 [wt%] 0.20 0.29 0.30 0.27 0.30 0.12 0.23 0.16 0.27 0.09 0.18 0.29 0.22 0.11 0.25 0.12 0.22 0.23 0.43
Mg# 80.5 73.7 56.7 66.5 67.1 79.5 67.7 81.6 70.0 80.9 77.2 40.4 83.3 70.8 65.8 71.3 70.6 82.8 80.6
Cr# 64.9 60.9 58.0 62.5 59.5 69.6 56.3 62.7 58.3 72.3 61.2 76.5 58.6 62.8 59.2 75.2 59.1 58.0 61.4
type
sample
vesicles
wt%
SiO2
TiO2
Al2O3
Cr2O3
FeO(total)
MnO
NiO
MgO
CaO
Na2O
K2O
H2O
ppm
CO2
F
S
Cl
Ba
Nb
La
Ce
Sr
Zr
Dy
Y
Yb
host-mineral
TiO2 [wt%]
Mg#
Cr#
?????????????????
K1-type
A02sp4r A02sp4s A03sp5 A04sp6 A08sp2 A09sp2 B02sp2 B03sp1 B03sp5 D07sp1 D07sp3l D07sp3u D08sp1 D11sp1 D13sp2 D18sp1 D18sp2 D24sp1 D28sp1
NO NO NO NO NO NO NO NO YES YES NO NO NO YES NO  YES NO YES NO
52.6 52.3 50.2 48.4 50.8 51.9 50.7 52.6 47.7 47.7 50.6 50.5 49.0 53.8 52.1 48.6 47.8 48.7 50.7
0.94 1.00 0.83 0.67 0.70 0.55 1.24 0.80 0.78 1.53 0.55 0.55 1.21 0.79 0.69 1.69 0.77 0.75 0.58
14.6 14.4 12.7 12.2 13.4 13.2 14.8 14.3 12.2 11.4 13.3 13.1 11.4 15.3 13.4 14.0 14.1 11.5 11.9
0.9 1.0 1.1 1.3 1.2 1.3 0.6 0.5 1.2 1.0 1.0 1.1 1.1 0.7 1.4 0.9 1.3 1.3 1.1
7.7 7.7 8.7 9.7 7.8 9.2 8.9 8.5 8.3 10.0 9.3 9.4 10.8 6.2 8.6 9.0 10.2 9.2 7.1
0.13 0.10 0.15 0.16 0.15 0.15 0.17 0.14 0.19 0.14 0.18 0.16 0.19 0.08 0.13 0.14 0.21 0.20 0.10
0.07 0.06 0.08 0.00 0.02 0.00 0.03 0.01 0.08 0.09 0.01 0.03 0.02 0.05 0.04 0.00 0.03 0.07 0.00
8.8 8.9 12.7 11.5 12.6 9.9 10.5 8.4 14.5 16.7 12.3 12.5 14.7 9.0 12.1 10.2 10.9 15.8 13.7
12.8 12.6 11.6 12.0 11.6 12.4 9.7 10.4 11.3 9.7 11.5 11.3 9.8 11.7 11.3 10.9 12.3 10.4 12.5
1.80 1.89 1.48 1.31 1.55 1.76 3.29 2.80 1.32 1.58 1.57 1.56 1.37 1.96 1.76 3.14 1.33 1.47 1.05
0.118 0.112 0.063 0.006 0.056 0.056 0.016 0.053 0.035 0.098 0.063 0.065 0.078 0.028 0.053 0.032 0.158 0.030 0.052
0.099 0.063 0.077 0.128 0.086 0.066 0.100 0.056 0.046 0.072 0.168 0.065 0.072 0.11 0.091 0.079 0.082 0.075 0.11
1863 120 94 4023 794 256 75 96 162 90 - 239 145 106 2479 220 608 100 93
160 154 131 102 105 101 117 71 139 160 94 80 134 93 110 76 255 102 148
907 964 542 216 737 628 96 562 542 591 161 153 698 450 428 509 917 567 162
146 258 473 379 231 198 183 293 535 451 1255 1145 34 858 1183 73 560 739 182
30.3 26.0 15.7 1.1 10.4 15.0 1.7 11.5 6.4 23.4 12.3 14.6 18.0 6.2 9.4 28.0 55.5 3.6 12.4
4.8 5.2 4.0 0.6 2.8 3.1 7.8 12.5 0.6 7.5 3.8 3.6 6.2 0.8 3.4 15.9 5.9 0.5 4.7
4.1 4.3 1.3 0.3 1.4 1.7 0.3 1.3 1.0 4.7 3.6 3.9 4.4 1.0 1.5 2.1 11.2 0.3 4.3
11.2 10.6 3.1 1.2 2.7 3.3 3.9 5.4 2.8 11.4 7.6 8.2 9.6 1.9 4.8 7.6 13.4 3.6 8.4
118 115 76.8 15.0 82.0 66.0 18.2 68 79.2 102.6 81 79.8 106.3 65.3 56 53.6 202.4 75.1 75.8
51.0 48.8 23.0 20.4 16.6 20.1 98.4 70.8 51.3 76.1 31.8 30.5 68.9 35.5 29.5 104.0 56.2 45.5 31.2
3.3 3.1 2.3 2.8 1.6 2.0 3.1 2.8 4.8 3.2 2.2 1.9 2.5 3.6 2.4 2.7 3.4 2.7 1.7
15.1 16.0 9.1 11.8 6.6 10.1 22.0 16.3 27.1 16.5 11.9 11.5 16.9 17.2 12.8 21.3 22.2 23.5 8.3
1.3 1.5 1.3 1.4 1.1 1.1 1.6 1.3 3.2 1.6 0.9 1.4 1.5 2.2 1.5 1.4 1.9 1.5 0.9
0.61 0.60 0.51 0.42 0.39 0.39 0.63 0.65 0.38 0.88 0.33 0.36 0.76 0.77 0.33 1.13 0.71 0.47 0.35
69.6 70.0 75.3 67.6 75.7 65.0 71.0 63.9 80.0 79.0 71.1 71.1 69.7 65.5 72.7 69.3 72.9 76.6 78.2
62.0 62.0 65.4 64.3 63.1 64.6 61.1 58.7 60.9 64.9 63.5 63.7 69.8 56.6 64.0 60.4 58.0 65.1 70.2
type
sample
vesicles
wt%
SiO2
TiO2
Al2O3
Cr2O3
FeO(total)
MnO
NiO
MgO
CaO
Na2O
K2O
H2O
ppm
CO2
F
S
Cl
Ba
Nb
La
Ce
Sr
Zr
Dy
Y
Yb
host-mineral
TiO2 [wt%]
Mg#
Cr#
?????????????????
K2-type
D34sp3 A03sp1 A05sp1 A07sp2a A07sp2b A08sp1 A08sp3 A13sp2 A14sp2 B05sp1 B05sp2 B10sp2 B12sp1 D01sp1 D04sp2 D05sp1 D05sp2 D10sp1 D19sp1
NO YES YES NO NO YES NO NO YES NO NO YES YES YES YES YES YES YES NO
49.3 50.9 49.1 48.5 48.9 51.6 50.1 48.2 49.8 49.5 48.5 48.8 48.3 49.7 50.9 50.1 49.2 49.1 49.5
0.69 0.57 0.55 0.79 0.75 0.68 0.70 0.54 0.54 0.53 0.54 0.64 0.67 0.57 0.58 0.55 0.57 0.70 0.64
13.3 14.1 14.9 14.3 14.4 15.2 14.9 12.9 13.5 15.8 15.7 14.5 14.7 15.9 14.7 16.1 14.5 14.0 15.3
1.1 0.7 0.9 0.8 1.0 0.7 0.8 1.2 0.7 0.9 1.0 1.3 0.7 0.8 0.8 1.0 1.0 0.9 0.9
8.5 8.0 8.8 9.8 9.6 6.6 9.1 8.0 8.1 7.4 7.5 7.5 8.8 7.9 7.6 7.5 8.3 8.4 8.7
0.18 0.12 0.17 0.20 0.14 0.13 0.16 0.16 0.18 0.11 0.11 0.16 0.20 0.12 0.17 0.13 0.11 0.16 0.14
0.06 0.03 0.05 0.04 0.01 0.05 0.05 0.09 0.09 0.03 0.02 0.06 0.05 0.03 0.03 0.02 0.03 0.02 0.01
12.9 10.4 10.4 10.4 10.4 10.0 9.6 12.7 11.2 8.8 9.0 11.1 12.0 9.9 9.9 9.0 9.1 11.5 9.5
11.2 13.2 13.0 12.9 12.9 13.0 12.4 13.6 13.9 13.6 13.4 13.7 12.9 13.6 11.8 13.6 13.4 13.2 13.2
1.61 2.06 1.95 1.38 1.42 2.20 1.99 1.94 1.97 1.85 1.87 1.91 1.82 1.98 1.92 1.84 1.95 1.87 1.85
0.042 0.068 0.023 0.008 0.009 0.022 0.039 0.025 0.027 0.008 0.084 0.033 0.038 0.038 0.039 0.033 0.031 0.033 0.029
0.072 0.062 0.052 0.063 0.061 0.081 0.053 0.056 0.059 0.063 0.035 0.073 0.088 0.043 0.095 0.038 0.091 0.053 0.060
1084 73 121 1391 1323 73 376 154 57 550 105 43 136 44 189 87 101 49 449
87 192 108 119 118 - 89 116 94 152 165 101 91 112 - 140 127 102 126
445 653 898 414 413 103 354 877 783 920 903 593 860 777 770 863 623 782 881
1056 73 290 75 88 167 711 282 218 310 273 205 267 284 470 256 445 259 255
9.7 22.7 4.9 5.1 2.4 2.9 8.8 3.9 5.2 1.1 20.6 4.2 6.6 6.8 8.5 6.0 10.9 6.5 8.6
2.0 3.3 0.5 0.6 0.3 0.5 11.3 0.7 0.3 0.3 4.5 0.4 0.8 0.3 0.3 0.2 0.6 0.8 0.7
3.9 2.3 0.3 0.3 0.4 - 0.9 0.5 0.2 0.3 3.8 0.5 0.9 0.7 0.7 1.1 1.2 1.3 0.7
4.0 6.0 0.9 - - 0.9 2.7 1.1 1.0 0.6 8.3 2.7 3.0 2.5 1.8 2.6 2.2 2.8 2.7
57.1 140.9 69.4 12.7 13.0 55.3 52.5 68.6 66.1 24.8 88.7 73.4 85.3 80.9 73.1 76.6 73.0 80.9 73.4
36.7 114.5 24.0 14.9 14.8 24.6 33.6 24.4 24.0 14.8 45.7 39.0 42.8 41.1 36.6 42.8 41.5 44.2 46.6
2.4 5.2 3.7 3.2 2.7 3.1 2.9 4.4 3.4 3.5 3.3 3.1 2.7 3.0 2.3 3.7 3.3 3.2 4.2
14.6 44.3 13.1 10.7 11.3 13.4 10.4 14.4 17.0 22.8 14.8 19.0 19.2 19.9 16.2 26.0 21.9 21.3 24.5
1.3 2.4 2.2 1.8 1.5 1.6 1.5 2.9 1.8 2.2 1.7 1.9 1.9 1.8 1.6 2.3 2.3 1.8 3.1
0.33 0.63 0.45 0.43 0.43 0.41 0.50 0.44 0.39 0.60 0.47 0.42 0.40 0.42 0.45 0.39 0.41 0.42 0.48
74.2 61.2 60.0 67.1 67.1 67.3 68.0 64.2 63.1 60.3 60.8 64.7 65.6 62.0 63.8 62.4 58.6 63.7 60.2
60.6 53.8 50.0 52.6 52.6 51.8 53.6 52.1 53.7 53.3 51.3 53.2 50.8 50.1 54.6 50.0 53.0 53.2 51.5
type
sample
vesicles
wt%
SiO2
TiO2
Al2O3
Cr2O3
FeO(total)
MnO
NiO
MgO
CaO
Na2O
K2O
H2O
ppm
CO2
F
S
Cl
Ba
Nb
La
Ce
Sr
Zr
Dy
Y
Yb
host-mineral
TiO2 [wt%]
Mg#
Cr#
?????????????????
K2-type olivine-hosted (from picritic sample; GRN101)
D23sp1 D25sp1 D25sp2 D31sp1 D32sp1 D33sp1 D37sp2 D38sp2 D40sp2 D40sp3 D42sp2 A1ol1 A3ol1 A3ol2 A5ol1 A6ol1
YES YES NO NO YES YES YES YES YES YES YES YES YES YES YES YES
49.0 49.4 47.6 49.8 49.6 49.0 48.5 50.8 49.5 48.7 49.7 49.7 50.3 49.0 50.2 50.3
0.65 0.67 0.59 0.54 0.59 0.60 0.61 0.62 0.66 0.72 0.66 0.47 0.51 0.42 0.52 0.50
14.9 14.7 14.0 15.4 15.0 14.8 15.1 15.5 14.2 14.6 14.9 14.9 14.8 15.1 15.0 14.9
0.8 0.9 1.1 1.1 1.0 0.8 0.8 0.8 1.0 0.8 1.0
8.2 7.4 8.9 8.7 7.9 9.1 8.9 8.0 7.9 7.6 8.0 7.4 6.4 8.4 6.3 6.3
0.14 0.12 0.20 0.17 0.13 0.16 0.15 0.14 0.21 0.12 0.14 0.12 0.08 0.16 0.07 0.08
0.00 0.08 0.08 0.01 0.06 0.06 0.02 0.03 0.08 0.04 0.07 0.04 0.07 0.00 0.04 0.07
10.0 10.5 12.2 9.0 10.0 10.0 9.7 8.4 10.1 10.7 10.6 11.4 12.2 10.6 12.2 13.0
13.1 13.2 12.6 13.2 13.2 12.3 12.7 13.7 13.6 13.1 13.5 13.6 13.1 14.0 13.0 12.9
1.62 1.79 1.73 1.92 1.74 1.90 1.68 1.89 1.79 1.65 1.75 1.39 1.69 1.09 1.63 1.60
0.036 0.027 0.027 0.028 0.028 0.028 0.029 0.038 0.027 0.027 0.028 0.011 0.011 0.008 0.011 0.010
0.052 0.060 0.061 0.062 0.056 0.052 0.053 0.037 0.057 0.094 0.044 0.27 0.35 0.43 0.36 0.25
174 124 55 81 122 64 60 - 63 340 79 47 37 - 85 40
94 136 73 98 122 155 104 86 147 164 124 77 77 75 78 76
508 894 371 821 876 832 772 803 538 340 879 189 158 11 161 173
239 287 578 251 260 293 248 221 220 724 270 6 7 6 8 7
10.9 5.1 15.8 3.9 4.7 7.5 5.0 4.8 4.4 6.1 5.4 3.4 2.7 2.5 3.2 3.5
2.2 0.5 0.5 0.7 0.3 0.6 0.4 0.3 0.4 0.2 0.5 - - 0.3 - -
3.6 0.8 0.5 1.1 1.4 1.0 0.5 1.0 0.7 0.8 0.7 0.3 0.4 0.9 0.3 0.3
2.9 2.9 2.0 1.6 2.1 2.3 2.7 2.5 2.2 2.7 2.8 1.4 0.7 1.5 1.1 0.8
77.9 66.3 42.9 67.7 71.9 73.4 75.6 70 73.4 71.8 68.4 30.8 34.2 27.0 32.9 31.5
44.7 39.4 31.1 41.1 45.3 36.3 41.3 40 45.3 40.8 39.2 20.4 20.8 17.9 21.9 20.1
3.9 3.1 3.0 3.9 3.5 3.4 3.2 3.4 4.0 3.7 3.0 2.9 2.7 2.4 2.6 3.2
19.1 20.7 16.6 17.7 21.4 19.8 17.5 18.9 23.4 21.0 19.3 16.8 16.6 13.7 17.4 16.8
2.0 2.1 1.6 2.0 2.3 1.9 1.7 1.8 2.7 2.3 1.8 1.6 1.7 1.5 1.4 1.5
0.47 0.40 0.36 0.44 0.47 0.43 0.56 0.46 0.52 0.39 0.46
60.5 67.3 71.1 58.0 62.6 57.3 57.4 58.0 61.9 66.8 65.6 92.0 91.0 91.7 91.9 91.1
50.3 52.7 55.0 48.7 52.2 50.7 50.9 52.9 54.8 54.3 50.0
